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MuscleThe larval phase of the Drosophila life cycle is characterized by constant food intake, resulting in a two
hundred-fold increase in mass over four days. Here we show that the conserved energy sensor AMPK is
essential for nutrient intake in Drosophila. Mutants lacking dAMPKα are small, with low triglyceride levels,
small fat body cells and early pupal lethality. Using mosaic analysis, we ﬁnd that dAMPKα functions as a
nonautonomous regulator of cell growth. Nutrient absorption is impaired in dAMPKα mutants, and this
defect stems not from altered gut epithelial cell polarity but from impaired peristaltic activity. Expression of a
wild-type dAMPKα transgene or an activated version of the AMPK target myosin regulatory light chain
(MRLC) in the dAMPKα mutant visceral musculature restores gut function and growth. These data suggest
strongly that AMPK regulates visceral smooth muscle function through phosphorylation of MRLC.
Furthermore, our data show that in Drosophila, AMPK performs an essential cell-nonautonomous function,
serving the needs of the organism by promoting activity of the visceral musculature and, consequently,
nutrient intake.415 Curie Blvd., CRB Rm 322,
J. Birnbaum).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
In all organisms, the intake of nutrients is essential for growth,
development and the maintenance of cellular function. In single-
celled organisms, nutrients enter the cell by active and passive
membrane transport. Nutrient intake is more complex in metazoans.
Muscles and absorptive epithelial cells in the gastrointestinal tract
cooperate to process and digest food. The nervous and endocrine
systems regulate the activity of the digestive tract and also signal
hunger and satiety. Just as all organisms must ingest nutrients to
survive, they must also sense and respond to the availability and
quality of nutrients in their environments. For single-celled organisms
such as yeast, the composition of the extracellular milieu dictates the
nature of intracellular metabolism. These organisms must constantly
adapt to the changing external environment. In contrast, metazoans
such as mammals can buffer changes in nutrient availability by calling
on liver, muscle and fat for storage or release of fuel reserves.
Therefore, multicellular organisms not only monitor and respond to
the internal energy stores and the external availability of nutrients,
but they also must communicate such information among organs to
coordinate processes in the whole animal. Although the processes
underlying nutrient intake differ in complexity among eukaryotes,some of the same molecular pathways are used to sense and signal
nutrient abundance and scarcity.
The yeast sucrose non-fermenting 1 (SNF1) and the mammalian
AMP-activated protein kinase (AMPK) pathways exemplify a conserved
mechanism that allows single cells and whole animals to respond to
depleted energy levels stemming fromalterednutrient intake. SNF1 and
AMPK are orthologous heterotrimeric serine-threonine kinases, each
consisting of a catalytic α subunit and regulatory β and γ subunits, that
sense and respond to decreased cellular energy levels (Hardie, 2007). In
yeast, SNF1 is essential for adaptation to growth on non-glucose carbon
sources. When yeast are grown in non-fermentable sugars such as
galactose, glucose metabolism drops, leading to activation of the SNF1
kinase (Woods et al., 1994). SNF1 phosphorylates transcriptional
regulators such as the repressor Mig1p, allowing adaptation to nutrient
stress through derepression of the genes used to metabolize galactose
(Treitel et al., 1998).
Like SNF1 in yeast, AMPK in mammals responds to cellular energy
levels. AMPK is activatedwhen the cellular AMP to ATP ratio rises due to
a high rate of metabolism or decreased nutrient availability. AMP binds
to the regulatoryγ subunit of AMPK, leading to both allosteric activation
of AMPK and increased phosphorylation of the catalyticα subunit on an
activation loop threonine. Once activated, AMPK phosphorylates
downstream targets leading to energy conservation and inhibition of
ATP consumption (Hardie, 2007). For example, the high rate of ATP use
in contracting muscle leads to AMPK activation and inhibition of its
target acetyl-CoA carboxylase (ACC), thereby increasing fatty acid
oxidation and restoring cellular energy (Hutber et al., 1997).
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regulation and new functions to meet the differing circumstances of
multicellular life. In mammals, AMPK is regulated not only cell
autonomously by energy stress but also cell nonautonomously by
circulating factors. For example, the fat hormones leptin and adipo-
nectin rapidly activate AMPK inmuscle, leading to accelerated fatty acid
oxidation (Minokoshi et al., 2002; Yamauchi et al., 2002). The
development of cell-nonautonomous, hormonal regulation of AMPK
has been accompanied by additional roles for AMPK that exclusively
serve the needs of the organism with no direct proﬁt to the cell. For
example, activation of AMPK in hypothalamic neurons by fasting or
adiponectin promotes food intake, while inhibition of hypothalamic
AMPK by hormones such as leptin and insulin or forced expression of
dominant-negative AMPK inhibit feeding inhibits feeding (Kubota et al.,
2007; Minokoshi et al., 2004). Together, the cell-nonautonomous
regulation and actions of AMPK serve thewhole animal by coordinating
nutrient intake and energy metabolism across tissues.
Work in the invertebrate Drosophila melanogaster has uncovered a
role for AMPK in the regulation of cell polarity during energy stress in
the embryonic cuticle, in ovarian follicular cells and in neurons (Lee
et al., 2007; Mirouse et al., 2007). To date, metabolic roles for AMPKα
in this organism have not been described, although loss of AMPKα in
the post-embryonic ﬂy has not been systematically investigated. Here
we describe a novel cell-nonautonomous function for AMPK in the
regulation of nutrient intake. We show that AMPK is required for gut
function and consequently organismal growth in Drosophila. We ﬁnd
that while gut epithelial polarity is maintained in dAMPKα mutants,
AMPK acts in the visceral musculature to support peristalsis. More-
over, our data suggest that myosin regulatory light chain (MRLC) acts
downstream of or parallel to AMPK to promote visceral muscle func-
tion and organismal growth.
Materials and Methods
Fly Stocks
Flies were raised on standard food containing molasses, cornmeal
and yeast at 25 °C. 4-6 h egg lays were conducted to ensure
uncrowded rearing conditions. Drosophila stocks were obtained
from: dAMPKα1 (Mirouse et al., 2007); Ubi-GFP, hsFLP, FRT19A (a gift
from Thomas Neufeld); lkb14B1-11 (Martin and St Johnston, 2003);
dMef2-GAL4 (Ranganayakulu et al., 1995); MHC-GAL4 (Schuster et al.,
1996); UAS-sqhEE (Corrigall et al., 2007), byn-GAL4 (Iwaki and
Lengyel, 2002); r4-GAL4 (Lee and Park, 2004); TSC1Q87X and UAS-
TSC1,TSC2 (Tapon et al., 2001); UAS-FOXO™ (Junger et al., 2003). All
other lines were from the Bloomington Stock Center (Bloomington,
IN). The dAMPKαΔ39 mutation was generated by imprecise excision of
the P element P[SUPor-P]KG09204 (Bloomington), and the dAMP-
KαΔ39, FRT19A allele was generated by recombination. For UAS-
dAMPKα transgenes, the full-length dAMPKα cDNA (clone GH12596,
Drosophila Genomics Resource Center, Bloomington, IN) was cloned
into pENTR (Invitrogen). The kinase-dead K56R mutation (Mu et al.,
2001) was introduced by site-directed mutagenesis (QuikChange,
Stratagene) using the following primers: sense: 5′-CAA GGT GGC CGT
CAG GAT CCT CAA TCG TCA GAA G-3′ and anti-sense: 5′-CTT CTG ACG
ATT GAG GAT CCT GAC GGC CAC CTT G-3′. Gateway cloning
(Invitrogen) was used to generate pUAST-dAMPKα and pUAST-
dAMPKαK56R. Constructs were injected into Drosophila embryos at
Duke University Model Systems Genomics (Durham, NC).
Quantitative RT-PCR
Reverse transcription was performed on 2 µg total RNA isolated
from 96 h after egg lay (AEL) larvae using the RETROscript kit
(Ambion). Quantitative PCR reactions were performed in triplicate on
a Stratagene MX3000P thermocycler using Brilliant SYBR GreenMaster Mix (Stratagene). Relative amounts of speciﬁc transcripts
were calculated using the comparative Ct method. The following
primers were used: dAMPKα Ex1-F, 5′-GCG TGA GAT CCA GAA CCT
AAA G-3′; dAMPKα Ex2-R, 5′-CGT CCA GCA TCA TGT TCG AGA G-3′;
dAMPKα Ex2-F, 5′-CCA CCA CAC CAT GGA GTT TTT C-3′; dAMPKα 3′
UTR-R, 5′-AAG GGT TTG GGA CGA ATG CAA G-3′; Rp49-F, 5′-GAC GCT
TCA AGG GAC AGT ATC TG-3′ and Rp49-R, 5′-AAA CGC GGT TCT GCA
TGA G-3′.
Triglyceride Assays
Larvae were sonicated in 140 mM NaCl, 50 mM Tris-HCl, pH 7.4
and 0.1% Triton X-100. Triglyceride concentrations were measured
using the Triglyceride Liquicolor Kit (Stanbio Laboratory) and
normalized to protein (measured with the Bicinchoninic Acid (BCA)
Protein Assay Kit (Pierce)).
Antibodies
For the rabbit anti-dAMPKα antibody, a GST-full length dAMPKα
fusion protein was partially puriﬁed following expression in E. coli,
and immunization of rabbits was performed by Quality Control
Biochemicals (Hopkinton, MA). Additional antibodies were from the
following sources: rabbit anti-phosphoThr172-AMPK (Cell Signaling
Technology), mouse anti-tubulin (Developmental Studies Hybridoma
Bank (DSHB), Iowa City, IA), sheep anti-Drosophila phosphoSer93-
ACC (Pan and Hardie, 2002), goat anti-rabbit HRP (Santa Cruz
Biotechnology) and rabbit anti-sheep HRP (Kirkegaard & Perry),
rabbit anti-Drosophila myosin heavy chain (Kiehart and Feghali,
1986), mouse anti-Drosophila Fasciclin III and mouse anti-Drosophila
Na+/K+-ATPase (DSHB), rabbit anti-GFP (Invitrogen), donkey anti-
mouse Cy3 (Jackson ImmunoResearch) and goat anti-rabbit Alexa488
(Molecular Probes). Total levels of the biotin-conjugated enzyme
dACC were measured by blotting with streptavidin-HRP (Pierce).
Western Analysis
Larvae were sonicated in 2% SDS and 60 mM Tris-HCl, pH 6.8 with
protease inhibitor (Roche Diagnostics) and phosphatase inhibitors 1
and 2 (Sigma-Aldrich). Equal amounts of protein (measured by BCA
assay, Pierce) were separated by SDS-PAGE. Western analysis was
carried out as described (Gleason et al., 2007).
Immunocytochemistry and Histology
Immunocytochemistry was performed essentially as described
(Phillips and Thomas, 2006), and tissues were counterstained with
phalloidin (Invitrogen) and DAPI. For histological analysis, third instar
guts were ﬁxed in 2.5% glutaraldehyde and 2% formaldehyde in PBS,
and 1 µm sections were cut and stained with toluidine blue. Images of
sections were collected on a Nikon Eclipse E800 microscope using
MetaMorph software. Whole-mount guts and fat bodies with mitotic
clones were viewed on a Perkin Elmer Ultraview ERS confocal imaging
system attached to an inverted Nikon Eclipse TE300 microscope
equipped with 20x (0.45 N.A.) or 40x (0.6 N.A.) objective lenses.
Images were collected with Ultraview software and processed in
Photoshop CS2.
Mosaic Analysis
dAMPKαΔ39 (or dAMPKα1), FRT19A/UbiGFP, hsFLP, FRT19A em-
bryos (0-6 h AEL) were subjected to a 1 h, 37 °C heat shock to induce
mitotic clones. 96 h AEL fat bodies were subjected to GFP immunos-
taining and phalloidin labeling and examined for GFP-negative clones.
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72 h AEL larvae were fed food with 5 µCi of D-[1-14C]glucose
(0.2 µCi/µL, Amersham) and 2% FD&C No. 1 Blue (McCormick & Co)
(Voght et al., 2007). After 4 or 14 h of feeding at 18 °C, larvae with blue
guts were homogenized in 0.5% Triton X-100, and aliquots of total
homogenate were taken for protein measurement (BCA assay, Pierce).
Glycogen was extracted from 100 µL of each 0.5% Triton X-100 larval
homogenate by boiling for 30 min in 1 M NaOH. Following addition of
0.5 mg unlabeled glycogen, the samples were precipitatedwith ethanol
twice, and the pellets were resuspended in 100 µL H2O and transferred
to EcoScint ﬂuid (National Diagnostics, Atlanta, GA) for scintillation
counting. Neutral lipids were extracted by adding 2 mLmethanol, 2 mL
chloroform and 1 mL H2O to 150 µL of each 0.5% Triton X-100 larval
homogenate, with vortexing after each addition. Samples were
centrifuged for 20 min at 2000 rpm, and the organic phase was
transferred to a glass vial and allowed to air dry in a hood. The pellet
was resuspended in 150 µL chloroform and transferred to EcoScint ﬂuidFig. 1. Generation of a dAMPKαmutant allele. A) Schematic of the dAMPKα locus (top) sh
(gray). Imprecise P element excision yielded the dAMPKαΔ39 allele (bottom). B) Q-PCR for e
isolated from wild type (FM7, GFP/Y) and dAMPKαΔ39/Y third instar larvae. dAMPKα transcr
**pb0.01 vs. FM7, GFP/Y. C)Western blot analyses of phosphorylated (p-Thr184, top) and tot
Y third instar larvae. D) FM7, GFP/Y (top) and dAMPKαΔ39/Y larvae (bottom) at 72, 96 and 1
The axial ratio (length/width, mean±s.d.) is greater in dAMPKαΔ39 mutants compared witfor scintillation counting. The amount of radiolabeled glucose in the
total, glycogen and neutral lipid fractions wasmeasured by scintillation
counting and expressed as pg glucose/µg protein. Three experiments
were performed in duplicate with 35-45 larvae per group.
Gut Clearance Assay
Larvae were reared on standard food with 1% FD&C No. 1 Blue and
transferred to wet Whatman paper in 12-well plates at 96 h AEL. Gut
color scores were recorded at 0, 2, 6, 10 and 24 h as follows: 4=food
from anterior midgut to hindgut, 3=food from central midgut to
hindgut, 2=food in posterior midgut and hindgut, 1=faint blue color
in hindgut, and 0=clear. For tissue-speciﬁc rescues, dAMPKαΔ39/FM7,
GFP; UAS-dAMPKα females were mated to FM7, GFP/Y males bearing
differentGAL4 drivers. For gene-speciﬁc rescues, dAMPKαΔ39/FM7, GFP;
24B-GAL4 females were mated to FM7, GFP/Y males bearing various
UAS transgenes. Following gut transit assays, larvae were collected for
PCR genotyping using the following primers: GAL4-F, 5′-GTC TTC TATowing the dAMPKα gene (black), the P element (P) and the genes CG3719 and CG32813
xons 1 and 2 (black bars) and the 3'UTR (gray bars) of dAMPKα was performed on RNA
ipt levels were normalized to Rp49 transcript levels. Data are presented as mean±s.d.,
al dAMPKα (middle) and tubulin (bottom) in lysates from FM7, GFP/Y and dAMPKαΔ39/
20 h AEL, scale bar=1 mm. E) FM7, GFP/Y and dAMPKαΔ39/Y pupae, scale bar=1 mm.
h FM7, GFP/Y (pb0.01).
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C-3′; UAS-F, 5′-GAT CCA AGC TTG CAT GCC TGC–3′; dAMPKα-R, 5′-CGA
ATG GGT ATG GTG CTG C-3′; sqhEE-F, 5′-GCG CCG AGG AGA ATG TGT
TCG-3′ and sqhEE-R, 5′-TCC TTG TCC TTG GCA CCG TGC-3′.
Imaging of Peristalsis
Guts were dissected from 96 h AEL larvae into HL3 buffer (Stewart
et al., 1994), transferred to coverslips coated with Cell-Tak (BD
Biosciences) and adhered to an open-bath chamber ﬁlled with HL3.
Guts were imaged on an inverted Nikon TE2000U microscope
equipped with a 20x (0.75 N.A.) objective lens and differential
interference contrast optics (DIC). DIC images were collected every
4 seconds for up to 15 min. At the end of each imaging session, KCl
was added to the bath to a ﬁnal concentration of 50 mM to induce
depolarization of the muscle ﬁbers.
Statistics
Data were analyzed by unpaired two-tailed t tests or, in the case of
gut transit assays, two-way ANOVA with repeated measures followed
by Bonferroni post tests.Fig. 2. Nutrient storage is decreased in dAMPKαmutant larvae. A) Western blot analyses
and dAMPKαΔ39/Y third instar larvae, n.s., non-speciﬁc. B)Whole-body triglyceride levels we
(n=18/group) and white prepupae (n=13/group) and normalized to protein. Data are p
wandering (FM7, GFP/Y: ∼120 h AEL, dAMPKαΔ39/Y: ∼168 h AEL) larvae were stained with p
shock was used to induce clones of fat body cells homozygous for the dAMPKαΔ39 (D) or the
with phalloidin (center panels). Merged images are shown in the right panels, scale bar=50
homozygous cell size (arrows). Genotypes: D and F) UbiGFP, hsFLP, FRT19A/dAMPKαΔ39, FRResults
Generation of a dAMPKα null allele
To explore the role of AMPK in growth andmetabolism inDrosophila
melanogaster, we used imprecise P element excision to generate a
2777 bpdeletion of genomic DNA that includes the gene CG3719 aswell
as the 3′ untranslated region (UTR) and last 39 codons of CG3051, the
geneencoding the catalyticα subunit of dAMPK(Fig. 1A). Thismutation,
dAMPKαΔ39, is lethal; however, ﬂies with deletions of CG3719 that leave
dAMPKα intact are hemizygous and homozygous viable and fertile. The
lethality of the dAMPKαΔ39 mutation is completely rescued by
ubiquitous expression of a wild-type but not a kinase-dead dAMPKα
transgene, indicating that disruption of dAMPKα rather than CG3719 is
the cause of lethality in dAMPKαΔ39 mutants.
We performed quantitative RT-PCR to measure dAMPKα transcript
levels inwild type andmutant larvae. Primers directed against exon one
and the intact portion of exon two showed a 65% reduction in dAMPKα
mRNA levels, while primers directed against the 3′UTR failed to amplify
a transcript in dAMPKαΔ39mutants (Fig. 1B), suggesting that the loss of
the 3′UTR generated an unstable transcript. We were unable to detect
dAMPKα protein in dAMPKαΔ39mutant lysates using either an antibodyof phosphorylated (p-Ser93, top) and total dACC (bottom) in lysates from FM7, GFP/Y
re measured in FM7, GFP/Y (black bars) and dAMPKαΔ39/Y (gray bars) 108 h AEL larvae
resented as mean±s.e.m., **pb0.01 vs. FM7, GFP/Y. C) Fat bodies from 108 h AEL and
halloidin and DAPI to label plasmamembranes and nuclei. Scale bar=50 µm. D-F) Heat
dAMPKα1 (E) mutations (GFP negative cells, left panels). Cell membranes were labeled
µm. F) 24 h starvation of larvae bearing clones had no additional effect on dAMPKαΔ39
T19A. E) UbiGFP, hsFLP, FRT19A/dAMPKα1, FRT19A.
297M.L. Bland et al. / Developmental Biology 344 (2010) 293–303to phosphorylated AMPKα (Thr184) or an antibody raised against a
GST-dAMPKα fusion protein (Fig. 1C and Supplementary Fig. S1),
indicating that the dAMPKαΔ39 mutation acts as a protein null, perhaps
due to both transcript and protein instability.
Germline clones that produce dAMPKα-null embryos lead to
embryonic lethality due to the essential role of maternally-contributed
dAMPK in the regulation of epithelial cell structure (Lee et al., 2007). In
contrast, maternal dAMPKα allows dAMPKα-null ﬂies to progress to the
larval stage of development. We noted that dAMPKαΔ39 mutant larvae
were smaller than wild type larvae from the late second instar; this
growth defect becamemore striking during the third instar (Fig. 1D). The
molt from second to third instar was delayed by about twelve hours in
dAMPKαΔ39 mutants, and the third instar was extended by two days.
dAMPKαΔ39 mutants failed to undergo metamorphosis, dying at the end
of the third instar or shortly after forming abnormal, elongated pupae
(Fig. 1E and Supplementary Table S1), consistent with the lethal phase of
dAMPKαD1mutants (Lee et al., 2007). We also observed decreased larval
size and, in uncrowded rearing conditions, early pupal lethality in
dAMPKα1 mutants that bear a functionally-null Ser211 to Ala point
mutation in thedAMPKα subunit (datanot shown)(Mirouseet al., 2007).
Loss of dAMPKα leads tometabolic abnormalities and cell-nonautonomous
growth defects
AMPK is a major regulator of metabolism in mammals, affecting
nutrient storage and breakdown throughmultiple targets. For example,
AMPKnegatively regulates triglyceride synthesis via phosphorylation of
the lipogenic enzymeACC on Ser79 (Ser93 in dACC) (Davies et al., 1990;
Pan and Hardie, 2002). While total dACC levels were unchanged in
dAMPKαΔ39 larvae, Ser93 phosphorylation was markedly decreased
compared with wild type larvae, consistent with dAMPK serving as the
primary kinase responsible for phosphorylation of dACC at this siteFig. 3. Impaired nutrient absorption despite normal epithelial polarity in dAMPKαmutan
glucose for 4 or 14 h, and incorporation of radioactivity into glycogen and neutral lipidswasme
†pb0.05 vs. dAMPKαΔ39/Y at 4 h. For FM7, GFP/Y, all 14 h values differ signiﬁcantly from 4 h va
midguts. B) Toluidineblue-stained transverse sections of third instarmidguts showing the brush
C) Phalloidin labeling of the apical layer of ﬁlamentous actin (red, arrows) in sections of second
III (E, white, arrows) in sections (D) or whole guts (E) from second instar larvae. Nuclei in C a(Fig. 2A). Although dACC should be active in dAMPKαΔ39 larvae, whole-
body triglyceride levels were signiﬁcantly decreased in mutant third
instars compared with wild type. This difference persisted to the white
prepupal stage, demonstrating that impaired triglyceride storage in
dAMPKαΔ39 mutants was not simply due to a developmental delay
(Fig. 2B). We also found signiﬁcantly decreased triglyceride levels in
96 h AEL dAMPKα1 mutants (µg triglyceride/µg protein: 20.3±7.7
(FM7,GFP/Y, n=8) vs. 12.0±2.4 (dAMPKα1/Y, n=10), pb0.01). In the
fat body, increased nutrient storage is accompanied by increased cell
size (Britton et al., 2002), and consistent with low triglycerides,
dAMPKαΔ39 fat body cells were smaller than wild type fat body cells in
third instars and in wandering larvae (Fig. 2C).
The decreased body and cell size in dAMPKαΔ39 mutants prompted
us to askwhether dAMPK serves as an autonomous regulator of growth.
Using hsFLP to generate mitotic clones (Golic and Lindquist, 1989), we
found that fat body cells homozygous for either the dAMPKαΔ39 or the
dAMPKα1 mutation (marked by absence of GFP) were equal in size to
surrounding heterozygous cells (Figs. 2D and E). Furthermore, starva-
tion of animals bearing clones had no differential effect on cell size
within dAMPKαΔ39 clones (Fig. 2F). We used the ey-GAL4, UAS-FLP
technique to generate homozygous eyes in ﬂies heterozygous for given
mutations (Stowers and Schwarz, 1999). In contrast to the altered eye
sizes observed when cell-autonomous growth regulators such as dTSC1
or dAkt were mutated (Potter et al., 2001; Verdu et al., 1999), loss of
dAMPKα had no obvious effect on eye size (Supplementary Fig. S2).
Together, these results suggest that AMPK acts as a nonautonomous
regulator of cell and organ size and nutrient storage in ﬂies.
Gut function is disrupted in AMPK mutants
In Drosophila larvae, continuous food intake drives a two hundred-
fold increase in mass from the beginning of the ﬁrst instar to the endts. A) FM7, GFP/Y (black bars) and dAMPKαΔ39/Y larvae (gray bars) were fed radiolabeled
asured. Data are presented asmean±s.d., *pb0.05 vs. FM7, GFP/Y at the same time point,
lues, pb0.05. B-E) Representative images of FM7, GFP/Y (top) and dAMPKαΔ39/Y (bottom)
border (arrows) inboth genotypes andvacuoles (v) in the dAMPKαΔ39midgut epithelium.
instar guts. D, E) Immunocytochemistry for Na+/K+-ATPase (D, red, arrows), and Fasciclin
nd D are stained with DAPI (blue), scale bars=50 µm.
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ingested, food is conveyed to the midgut for chemical and mechanical
digestion. Two tissues in the gut work in concert to promote nutrient
absorption: epithelial cells lining the gut lumen are the initial site of
enzymatic breakdown of food and nutrient absorption, and muscle
cells on the outside of the gut mix and grind food and propel it
through the gut. Absorbed nutrients are used to build larval tissues or
are stored as glycogen and triglycerides in the larval fat body, to be
released to power metamorphosis. We reasoned that a primary defect
in nutrient absorption might underlie decreased body size, impaired
triglyceride storage and nonautonomous growth regulation in dAMPKα
mutants.
To determine whether nutrient intake might be impaired in
dAMPKα mutants, we ﬁrst measured conversion of ingested glucose
into glycogen and triglycerides in wild type and dAMPKαΔ39 mutant
larvae. Second instar larvae were fed radiolabeled glucose in food
dyed with FD&C Blue No. 1 for four or fourteen hours. At the end of
each feeding period, glycogen and neutral lipids were extracted and
measured in larvae with blue guts. We found that dAMPKαΔ39 larvae
synthesized signiﬁcantly less glycogen and lipid from the radiolabeled
glucose precursor compared with wild type larvae, suggesting that
either absorption of nutrients from food or synthesis of glycogen and
triglycerides was impaired (Fig. 3A).
Efﬁcient nutrient uptake requires contributions from the epithelial
cells that line the gut lumen and absorb nutrients and from the
visceral musculature that mechanically digests food and moves itFig. 4. Visceral muscle function is impaired in dAMPKα mutants. A) Whole-mount imm
muscle ﬁbers in FM7, GFP/Y (left) and dAMPKαΔ39/Y (right) third instar midguts, scale ba
dAMPKαΔ39/Y (right) hindguts. Brackets indicate individual sarcomeres. C, D) Larvae were ra
and scored for the amount of food remaining in the gut over 24 h as described in the Materi
dAMPKα1/Y: n=11. Data are presented asmean±s.d., **pb0.01 vs. FM7, GFP/Y at the same t
imaged live in HL3 buffer. Each frame is separated from the next by 12 seconds. The arrowthrough the gut. In Drosophila, AMPK maintains epithelial polarity
during energy stress (Lee et al., 2007; Mirouse et al., 2007); therefore,
we assessed the integrity of the epithelial layer in wild type and
dAMPKα mutant larval midguts. We observed a pronounced brush
border in midgut epithelia from both genotypes, but marked
vacuolation in dAMPKαΔ39 mutant epithelial cells (Fig. 3B). In both
wild type and dAMPKαΔ39 second instar larvae, we observed apical
phalloidin labeling of ﬁlamentous actin, basolateral localization of the
Na+/K+-ATPase in anterior midgut copper cells and lateral distribu-
tion of the septate junctionmarker Fasciclin III (Figs. 3C-E) (Baumann,
2001). Additionally, we found that wild type, dAMPKαΔ39 and
dAMPKα1 larvae maintained basolateral distribution of the Na+/K+-
ATPase and an apical actin layer not only when fed, but also when
starved or fed 2-deoxy-glucose (2-DG) to produce energetic stress
(Supplementary Fig. S3).
We next examined visceral muscle morphology using an antibody
against Drosophilamyosin heavy chain. In late third instar dAMPKαΔ39
larvae, the midgut musculature displayed a ragged appearance, and
both the circular and longitudinal muscles were smaller compared
with wild type (Fig. 4A). Hindgut muscle ﬁber thickness was also
greatly diminished in dAMPKαΔ39 mutants compared with wild type
(Fig. 4B). To test visceral muscle function, larvae were grown on blue-
dyed food, transferred to wet ﬁlter paper at 96 h AEL and scored for
the amount of food in the gut over the course of 24 h. At the end of the
feeding period, larvae of both genotypes had similar amounts of blue-
dyed food in their guts. Most wild type larvae cleared food from theirunocytochemistry for myosin heavy chain showing circular and longitudinal visceral
r=50 µm. B) Toluidine blue staining of transverse sections of FM7, GFP/Y (left) and
ised on food containing FD&C No. 1 Blue dye, transferred toWhatman paper at 96 h AEL
als and Methods. C) FM7, GFP/Y: n=16, dAMPKαΔ39/Y: n=13. D) FM7, GFP/Y: n=12,
ime point. E) Still images of FM7, GFP/Y (left) and dAMPKαΔ39/Y (right) third instar guts
points to constriction of wild type gut muscles.
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dAMPKα1 mutants retained signiﬁcant amounts of food in their guts
even after 24 h (Figs. 4C and D). The same impairment was observed in
second instar dAMPKαΔ39 larvae (Supplementary Fig. S4A). We noted
that larvae bearing imprecise excisions that deleted CG3719 but not
dAMPKα exhibited wild type gut function (Supplementary Fig. S4B).
These data suggest that the blunted glycogen and triglyceride accumu-
lation observed in the glucose absorption experiment were likely to be
due to impaired gut motility in dAMPKαΔ39 larvae.
During peristalsis, the circular muscles of the gut contract behind
and relax ahead of a food bolus, and contraction of the longitudinalFig. 5. Muscle-speciﬁc expression of dAMPKα rescues dAMPKαΔ39phenotypes. A-C) Visce
dAMPKα in muscle using 24B- (A) or dMef2-GAL4 (B) rescued the dAMPKαΔ39 phenotype (c
bars: dAMPKαΔ39 with GAL4NdAMPKα). C) MHC-GAL4 was unable to rescue the dAMPKαΔ3
n=5-7; and dAMPKαΔ39/Y; GAL4NdAMPKα, n=18-37. Data are presented as mean±s.d.,
MHC-GAL4-driven GFP expression in visceral muscle (top panels) and phalloidin counter-sta
h AEL FM7, GFP/Y (black bars) and dAMPKαΔ39/Y larvae (gray bars) with UAS-dAMPKα alon
n=11). Data are presented as mean±s.d., *pb0.01 and NS, not signiﬁcant, vs. FM7, GFP/Y. E
mutants (right) underwent metamorphosis, as indicated by their red eyes (arrow), scale bamuscles pushes the food forward. Circular muscle contraction in the
absence of longitudinalmuscle contraction serves tomix and grind food
(Bayliss and Starling, 1899). We assessed peristalsis by imaging the
midgut portion of freshly dissected guts in HL3, a buffer that mimics
Drosophila hemolymph (Stewart et al., 1994). We observed robust,
spontaneous muscle contraction in a majority of wild type guts.
However, we failed to see peristaltic contractions of the midgut in any
dAMPKαΔ39mutant guts imaged (Fig. 4E and Supplementarymovies). In
both genotypes, addition of 50 mM KCl to the bath resulted in a rapid
contraction followed by a prolonged relaxation, and, in many wild type
guts, the resumption of spontaneous contractions.ral muscle function was tested using the blue food transit assay. Expression of wild type
ompare the center set of bars: dAMPKαΔ39 with UAS-dAMPKα alone, to the right set of
9 gut transit phenotype. For A-C: FM7, GFP/Y, n=23-24; dAMPKαΔ39/Y; UAS-dAMPKα,
*pb0.01 vs. FM7, GFP/Y, †pb0.01 vs. dAMPKαΔ39/Y; UAS-dAMPKα. 24B-, dMef2-, and
ining (bottom panels) are shown to the right of each graph. D) Triglyceride levels in 120
e (FM7, GFP, n=6, dAMPKαΔ39, n=4) or 24BNdAMPKα (FM7, GFP, n=8, dAMPKαΔ39,
) dAMPKαΔ39mutants (left) died after pupariation, while 24B-GAL4-rescued dAMPKαΔ39
r=1 mm.
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The impaired gut function in dAMPKαΔ39 mutants led to the
hypothesis that the growth and metabolic defects observed in these
animals stemmed from decreased nutrient uptake rather than cell-
autonomous defects in tissues such as the fat body. To test this
hypothesis, we attempted to rescue the gut defect in a tissue-speciﬁc
manner. We measured food transit in larvae with wild type dAMPKα
transgene expression driven by different epithelial, fat body, muscle
and neuronal GAL4 drivers (Supplementary Table S2). dAMPKαΔ39
mutant gut function was rescued only when the dAMPKα transgene
was expressed in somatic and visceral muscles with either 24B- or
dMef2-GAL4 (Figs. 5A and B). We conﬁrmed that 24B- and dMef2-
GAL4 speciﬁcally drove transgenes in visceral muscle and not in theFig. 6. Expression of activated MRLC in muscle rescues the dAMPKαΔ39 gut phenotype. A
transit assay. Data are presented asmean±s.d. A) Larvae were fed 1% agar for 22 h, followed
fed 10 mM glucose and 1% yeast extract in blue-dyed 1% agar with vehicle (n=13) or 50 m
lkb14B1-11 (n=52) larvae. Data are presented as mean±s.e.m., *pb0.05 vs. lkb14B1-11/TM3, S
(bottom) in lysates from lkb14B1-11/TM3, Ser, GFP and lkb14B1-11 120 h AEL larvae. E) 24B-GAL
the dAMPKαΔ39 gut transit phenotype. Compare the middle set of bars: dAMPKαΔ39with 24B
are presented as mean±s.e.m., NS, not signiﬁcant, vs. FM7, GFP/Y. F) Whole-mount phall
dAMPKαΔ39/Y; 24B-GAL4 / +, dAMPKαΔ39/Y; 24BNdAMPKα and dAMPKαΔ39/Y; 24BN sqhEEgut epithelium, and we noted that 24B- but not dMef2-GAL4 also
drove transgene expression in fat body, as previously described
(Supplementary Fig. S5) (Kapahi et al., 2004). We were unable to
rescue the gut phenotype using another muscle driver, MHC-GAL4;
however, MHC-GAL4 drove little if any transgene expression in
visceral muscles, despite driving expression in somatic muscles
(Fig. 5C). Based on these experiments, we conclude that the rescue
of dAMPKα mutant gut function is unlikely to be due to expression of
UAS-dAMPKα in the somatic musculature.
We further investigated the phenotype of dAMPKαΔ39 mutants
rescued with 24B-GAL4 driving UAS-dAMPKα and found that
triglyceride content was restored in these animals relative to
dAMPKαΔ39 larvae with UAS-dAMPKα alone (Fig. 5D). Furthermore,
expression of UAS-dAMPKα in muscle and fat body using 24B-GAL4, B) Visceral muscle function in 96 h AEL wild type larvae was tested using the blue food
by 4 h of blue-dyed 1% agar (n=9) or cornmeal/molasses food (n=14). B) Larvae were
M 2-DG (n=11). C) Visceral muscle function in lkb14B1-11/TM3, Ser, GFP (n=34) and
er, GFP. D) Western blot analysis of phosphorylated (p-Thr184, top) and total dAMPKα
4 driven expression of an activated MRLC transgene (sqhEE) provided a partial rescue of
NdAMPKα (n=13), to the right set of bars: dAMPKαΔ39 with 24BNsqhEE (n=15). Data
oidin labeling showing circular and longitudinal visceral muscle ﬁbers in FM7, GFP/Y,
third instar midguts.
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metamorphosis in 49% of dAMPKαΔ39 mutants (Fig. 5E and Supple-
mentary Fig. S6). While most 24BNdAMPKα-rescued dAMPKαΔ39 ﬂies
were unable to eclose, those that did eclose survived for up to four
days as adults. In contrast, expression of UAS-dAMPKα in muscle
alone using dMef2-GAL4 permitted rescue of pupal lethality, but not
eclosion, in 9% of dAMPKαΔ39 mutants, indicating that fat body
expression of dAMPKα is not required for the completion of
metamorphosis (Supplementary Fig. S6).Mechanism for impaired food transit in AMPK mutant guts
We sought to determine the mechanism by which dAMPK
regulates visceral muscle function. We considered the possibility
that dAMPKmight be sensing the nutrient or energetic content of food
and tuning muscle activity to promote maximal absorption of
energetically-rich foods. To test this hypothesis, we fed wild type
larvae nutrient-rich or nutrient-poor food and measured gut transit.
Larvae displayed no differences inmovement of either rich, cornmeal/
molasses food or nutrient-free agar through their guts (Fig. 6A).
Furthermore, addition of 2-DG to food also had no effect on gut transit
(Fig. 6B). In energetically-stressed cells, the serine-threonine kinase
LKB1 phosphorylates and activates AMPK (Hawley et al., 2003; Shaw
et al., 2004; Woods et al., 2003). Unlike dAMPKα mutants, however,
late third instar lkb14B1-11 mutants exhibited normal gut function
(Fig. 6C) (Martin and St Johnston, 2003). We asked whether AMPK
was active in lkb1mutants by measuring dAMPKα phosphorylation in
these animals. We found low but detectable phospho-dAMPKα levels
in lysates from late third instar lkb14B1-11 mutants, indicating that
AMPK activity may be preserved in these animals (Fig. 6D). Together,
these results suggest that AMPK may not be playing an energy-
sensing role per se in its regulation of gut function, but rather may be
transmitting a signal initiated by an unknown upstream regulatory
molecule such as a neuropeptide.
We next turned to the question of what molecules function
downstream of AMPK in visceral muscle. In mammals, AMPK inhibits
the Target of Rapamycin (TOR) pathway via phosphorylation of the
pathway members TSC2 and raptor, leading to decreased S6K
phosphorylation (Gwinn et al., 2008; Inoki et al., 2003). However,
we observed equivalent levels of dS6K phosphorylation in wild type
and dAMPKαΔ39 mutant guts (Supplementary Fig. S7A). Furthermore,
genetic manipulation of the TOR pathway by transgenic expression of
TSC1 and TSC2 or dominant negative TOR in muscle failed to rescue
the dAMPKαΔ39 gut transit phenotype (Supplementary Fig. S7B and C)
(Hennig and Neufeld, 2002; Tapon et al., 2001). Mammalian AMPK
phosphorylates and activates the transcription factor FOXO (Greer et
al., 2007). However, expression of a constitutively active FOXO™
transgene in muscle also was unable to suppress the impaired food
transit in dAMPKαΔ39 ﬂies (Supplementary Fig. S7D) (Junger et al.,
2003). In Drosophila, AMPK regulates cell polarity in the embryonic
epithelium by activating the myosin regulatory light chain (MRLC)
orthologue spaghetti squash (sqh) via phosphorylation of two
adjacent amino acids (Lee et al., 2007). We asked whether sqh
might also play a role in the visceral musculature. Expression of a
constitutively active UAS-sqhEE transgene (Corrigall et al., 2007) with
the 24B-GAL4 muscle driver produced a rescue of dAMPKαΔ39 gut
function that was equivalent to rescue with UAS-dAMPKα (Fig. 6E).
This transgene expresses a sqh protein containing the two critical sites
of phosphorylation mutated to glutamate, thus mimicking the
phosphorylated state. We assessed visceral muscle morphology in
third instar larvae rescued with 24B-GAL4 driving UAS-dAMPKα or
UAS-sqhEE using phalloidin labeling of muscle actin ﬁbers. We found
that the ragged, diminished appearance of the unrescued dAMPKαΔ39
visceral musculature was restored to wild type morphology in
animals rescued with either transgene (Fig. 6F).Discussion
Nutrients are key determinants of body size. In Drosophila,
nutrient-poor diets disrupt endoreplicative cell cycles, inhibit growth
and delay metamorphosis (Britton and Edgar, 1998; Colombani et al.,
2003). Fed dAMPKα mutants live in a nutrient-rich environment, yet
they bear similarities to starved animals. They are small, exhibit
delayed pupariation and have low triglyceride levels, despite the
role of AMPK as an activator of fatty acid oxidation and a nega-
tive regulator of lipogenesis through such targets as ACC. Further-
more, while loss of dAMPKα mutant in the whole animal leads
to reduced fat body cell size, loss of dAMPKα in clones of fat body cells
or in the whole eye has no effect on cell or organ size, indicating
that dAMPK serves as a cell-nonautonomous regulator of growth.
We ﬁnd that dAMPKα mutants are limited in their ability to store
nutrients and grow because they fail to move food through their guts
efﬁciently, leading to decreased nutrient absorption through the
digestive tract.
Normal gut function requires contributions from polarized
epithelial cells that absorb nutrients from food and muscle cells that
grind and mix food and move it through the gut. In the mammalian
intestine, maintenance of epithelial cell polarity contributes to the
establishment of a protective barrier against the environment and to
the digestion of nutrients via maintenance of electrochemical
gradients for transport and appropriate localization of transporters.
Maintenance of epithelial polarity is essential for gut function; ﬂies
lacking the gene Gp93 display altered gut epithelial polarity and
exhibit a stunted-growth phenotype that resembles effects of
starvation (Maynard et al., 2010). Given the established role of
dAMPK as a regulator of cell polarity (Lee et al., 2007; Mirouse et al.,
2007), we examined the subcellular localization of proteins in normal
and energetically-stressed gut epithelia. We ﬁnd appropriate distri-
bution of basolateral, lateral and apical proteins as well as an apical
brush border throughout dAMPKα mutant gut epithelia, indicating
that AMPK is not required for maintenance of epithelial polarity in the
gut, as is also the case in the Drosophila eye (Amin et al., 2009). We
also observe an increased number of vacuoles in the dAMPKα mutant
midgut epithelia. This may reﬂect a compensatory increase in the
digestive capacity of these cells. Indeed, microarray analysis shows
increased expression of transcripts encoding digestive enzymes such
as proteases, lipases and amylases in dAMPKαmutant guts compared
with wild type (MLB and MJB, unpublished data).
In Drosophila, AMPK acts in visceral muscle to promote peristalsis,
thereby enhancing nutrient intake and supporting growth of the whole
animal. Our data show that in Drosophila, as in mammals, AMPK
positively regulates muscle function (Hutber et al., 1997; Minokoshi
et al., 2002;Muet al., 2001). Furthermore, by acting in visceralmuscle to
promote nutrient intake, dAMPK fulﬁlls a physiological role that is
mechanistically distinct from but functionally analogous tomammalian
AMPK in the hypothalamus. In mice, activation of hypothalamic AMPK
stimulates food intake (Kubota et al., 2007; Minokoshi et al., 2004). Our
results demonstrate that AMPK performs an ancient, conserved role by
acting as an important nonautonomous determinant of nutrient supply
in ﬂies and mammals.
Expression of wild type dAMPKα in muscle restores gut function
and nutrient storage and permits survival through metamorphosis in
dAMPKα mutants. Surprisingly, muscle-rescued dAMPKα mutants do
not exhibit overgrowth phenotypes consistent with activation of the
dTOR pathway, despite the negative regulation of mTOR by AMPK in
mammalian cells (Gwinn et al., 2008; Inoki et al., 2003) and the
dominant growth-promoting role played by dTOR in ﬂies (reviewed
in Edgar, 2006). Therefore, while we cannot exclude that dAMPK
inhibits dTOR during energy stress, at this point there is no evidence
for a role of AMPK as an important basal regulator of TOR in vivo in
ﬂies. Our results indicate that regulation of visceral muscle function is
the essential role of dAMPK during the larval stage of development.
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body dAMPKα mutants by expression of a sqh transgene in which
Thr21 and Ser22 are replaced by phosphorylation-mimicking gluta-
mate residues. Expression of sqhEE in visceral muscle may improve
dAMPKα mutant muscle morphology by promoting muscle contrac-
tion and thereby preventing atrophy or by correctingmorphology and
thereby restoring function; our data do not distinguish between these
possibilities. An activated sqh transgene also rescues cell polarity
defects in dAMPKα-null embryos (Lee et al., 2007), indicating that sqh
acts downstream of or parallel to AMPK in multiple contexts in
Drosophila. In mammals, the sqh orthologue MRLC promotes smooth
muscle contraction downstream of calcium signaling andmyosin light
chain kinase (MLCK) activation and G-protein coupled receptor
signaling to Rho and Rok (Somlyo and Somlyo, 2003). Additionally,
AMPK regulates vascular smooth muscle contraction in mammals
(Goirand et al., 2007). The relationship between AMPK and MRLC in
smooth muscle may be complex, though most data indicate that
AMPK acts upstream of MRLC, either directly or indirectly through
phosphorylation of MLCK (Bultot et al., 2009; Horman et al., 2008; Lee
et al., 2007). Our data are consistent with AMPK serving as a direct or
indirect upstream regulator of MRLC or with AMPK acting in a
pathway parallel to MRLC.
The signals that activate AMPK in visceral muscle remain obscure.
We do not observe energy-dependent effects of food quality on gut
function in Drosophila larvae. Another possibility is that sustained
nutrient absorption and visceral muscle contraction in the larval gut
lead to high rates of ATP consumption, decreased energy charge and
AMPK activation. Indeed, the metabolic activity of the digestive tract
is estimated to account for 20% of whole-body oxygen consumption in
mammals (Cant et al., 1996). However, the rescue of dAMPKαΔ39 gut
function with an activated MRLC transgene suggests that AMPK
performs a regulatory role in visceral muscle and not that the gut fails
in dAMPKα mutants due to ATP depletion. Furthermore, whole-body
lkb14B1-11 mutants do not exhibit the gut transit phenotype, despite
low levels of dAMPKα phosphorylation. It may be that basal AMPK
activity is sufﬁcient to promote visceral muscle function in lkb14B1-11
mutants. Another possibility is that neuropeptides or neurotransmit-
ters released by the stomatogastric nervous system might activate
AMPK through kinases other than LKB1 and promote contraction
(Nassel, 2002). Many Drosophila neuropeptides signal through Gq-
coupled receptors, and this class of receptors activates AMPK in
mammalian cells (Stahmann et al., 2006; Zhang et al., 2008).
The Drosophila AMPK mutant phenotype bears a striking resem-
blance to the human disease chronic idiopathic intestinal pseudo-
obstruction (CIPO) (Stanghellini et al., 2007). CIPO patients exhibit
decreased intestinal mobility due to muscular or neural defects that
impairs digestion, leading to severe malnutrition and, in many cases,
lethality. Although mutations in genes encoding AMPK subunits have
not been reported in CIPO patients, it will be of interest to determine
whether AMPK or its upstream regulators might play a role in the
progression of this disease and other visceral myopathies. If so, drugs
that activate AMPK such as the commonly-prescribed, anti-diabetic
metformin might be useful in treating these devastating conditions.
We have shown that in Drosophila, AMPK plays an essential role in
regulating nutrient intake and supporting growth by acting in the
visceral musculature to promote peristalsis. Our results identify a
novel cell-nonautonomous function for AMPK in an invertebrate and
underscore the importance of gut function in the regulation of
organismal growth.
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